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 codoped bulk glass-ceramics containing KZnF3 nanocrystals are fabricated by thermal 
treatment of cast glass samples and characterized by X-ray diffraction and transmission electron 
microscopy. The luminescent properties of the glass and glass ceramic are investigated from the 





 ions are both predominantly hosted in the KZnF3 nanocrystals, and 
the energy absorbed by Cr
3+
 ions is efficiently transferred to Yb
3+ 
ions when excited at 450 nm. 




 codoped glass ceramics is 
significantly enhanced when the excitation wavelength lies in the range λ~400-800 nm of a solar 




 codoped KZnF3 glass ceramic provides a promising 
material for spectral conversion from visible sunlight to near-infrared emission and a novel gain 
material for solar pumped fiber laser. 
Introduction 
Solar pumped lasers (SPLs), which can realize spectral conversion (SC) from incoherent 
broadband sunlight to coherent lasing emission, have recently attracted a lot of attention
1-5
, as they 
can improve the utilization of sunlight and provide pollution free lasers. Kiss et al suggested a SPL 
based on Dy
2+
: CaF2 crystal in 1963, which represented the first investigation on SPLs
6
. In the 





In 1997, the first solar pumped fiber laser (SPFL) was reported by 
Ueda group
11
. This was a significant result because fiber laser exhibits outstanding beam quality, 
excellent heat dissipation and compact configuration. After years of research, large numbers of 
SPFLs have been studied based on RE ions doped glasses
12-15
. Nevertheless, the conversion 
efficiency of most reported SPFLs was low because the absorption bands of RE ions, originated 
from 4f-4f forbidden transitions, were narrow. On the other hand, the non-radiative transition 
probabilities in glasses were much higher than those in crystals, which also deteriorated the 
conversion efficiency of SPFLs.  
Glass ceramic (GC) is an efficient SC material with low non-radiative transition probability when 
active ions enter the low-phonon-energy nanocrystals
16





 codoped YAG glass ceramic for SC from visible (λ~400-800 nm) to near-infrared 
17
. 
Efficient SC was demonstrated in the GC because the absorption band of Cr
3+ 
was broadly 





ions occurred when they both entered the YAG crystal lattice. However, YAG GC was found 
difficult to form into optical fibers because the high temperature (T>1000 
o
C) involved and the 
nanocrystals precipitated preferentially at the sample interface.  
Oxyfluoride GCs exhibit excellent stability and provide low phonon energy lattices for active ions 
due to the precipitation of fluoride nanocrystals
18-20
. Furthermore, the crystallization temperature 
of oxyfluoride glass ceramics is low and the nanocrystals distribute homogeneously in the host 
glass. These indicate that oxyfluoride GCs are a potential gain material for fiber lasers. KZnF3 is a 
typical member of the fluoride perovskites and it can provide perfect lattices for transition metal 
and RE ions as previously reported by Song et al
21
. Therefore, KZnF3 crystal is also a promising 
matrix for SC in SPFLs. 




 codoped GCs containing KZnF3 nanocrystals are presented. The pristine 
glasses (PGs) and GCs were characterized by X-ray diffraction and transmission electron 
microscopy. The luminescent properties of the samples were investigated by photoluminescence 





was proved using the photoluminescence excitation (PLE) spectra and fluorescent lifetime 
measurements. SC from visible sunlight to near-infrared emission was demonstrated by the PL 
spectra using a solar simulator as excitation source. 
Experiments 
PGs were prepared with the mol% composition of 20KF-60SiO2-20ZnF2-xCr2O3-yYbF3 (x=0.025, 
0.035, 0.5; y=0, 0.3, 0.5 and 0.7). A 30 g reagent grade stoichiometric mixture (purity in brackets) 
of SiO2 (99.9%), ZnF2 (99.9%), KF (99.9%), YbF3 (99.99%) and Cr2O3 (99.99%) was mixed 
thoroughly in an agate mortar for 10 min. The mixture was melt in a Platinum Rhodium crucible 
at T~1500
 o
C for 0.5 h. The melt was cast onto a preheated copper plate and pressed using another 
metal plate to fabricate the bulk glass. The glass was quickly moved to an annealing furnace with 
T~420 
o
C for 3 h to eliminate the in-built stress. The PGs were then heat-treated at T540
 o
C for 20 
h to obtain the transparent GC according to the results of Lin et al
22-24
. The samples were cut into 
10 mm×10 mm 2 mm parallelepipeds for measurements. 
The PG and GC samples were analyzed by X-ray diffraction (XRD) on a D8 advance X-ray 
diffractometer (Bruker, Faellanden, Switzerland) with Cu-Kα irradiation. The samples XRD 




with a step of 5
o
/min. The nanocrystal 
morphology and size distribution in the samples were measured by transmission electron 
microscopy (TEM) and high-resolution transmission electron microscopy (HR-TEM) (Tecnai G2, 
FEI, USA). The transmission spectra of samples were measured using a UV/VIS/NIR 
spectrophotometer (Lambda-900, PerkinElmer, USA). The PL, PLE spectra and fluorescent 
lifetime measurements in the visible and near-infrared regions were investigated using a 
fluorescence spectrometer (FLS920, Edinburgh Instruments, UK). The sample emission spectra 
were also recorded using a visible solar simulator (Solar-500, Nbet, China) with emission from 
λ~400 nm to λ~800 nm. 
Result and discussion 




 glasses in the visible and near-infrared 







A2 level, are observed in the visible PL spectra. In the near-infrared PL spectra, 







F5/2 splitting levels and demonstrate SC from visible light to near-infrared 
emission. It is also noticeable that the emission intensity of Cr
3+
 ions decreases monotonously for 
increasing Yb
3+





 ions in the glass samples. For increasing Yb
3+
 concentrations, the near-infrared emission 
intensity firstly increases, reaching a maximum at 0.5% Yb
3+
 ions, and then decreases when the 
Yb
3+
 content is increased further. This result can be understood by considering the effect of 
concentration quenching of Yb
3+
 in this glass system. For increasing Cr
3+
 concentrations, the 
intensity of NIR luminescence from Yb
3+
 increases as shown in Figure 2, possibly indicating that 
for increasing content of Cr
3+
, much more pump energy is absorbed by Cr
3+
 ions and then 
transferred to Yb
3+









 doped glass at the excitation 
wavelengths of λ~800 and λ~974 nm, which present the same shape. The excitation bands around 



















F5/2 levels and show no excitation band in the 
visible region. The near-infrared emissions of Yb
3+





 ions. The decay curves of Cr
3+
 emission monitored at λ~800 nm in glasses are shown in Fig. 
3 (b). The lifetime of Cr
3+
 emission is obtained by exponential fitting the experimental data and it 
shows a decrease from 106 to 35 μs when the Yb
3+
 concentration increases from 0% to 0.7%, 









T2 level is populated through non-radiative transition from the 
4
T1 level, and then 




F7/2 level as previously reported
25
. The energy transfer 




 can be calculated based on the formula: ηET = (τ0-τ)/τ0, where τ0 
and τ stand for the lifetime of the Cr
3+
 emission at λ~800 nm in the Cr
3+





codoped glass, respectively. The estimated ηET increases gradually with increasing the Yb
3+
 
content and is 34.0% when the Yb
3+
 concentration is 0.5%. Therefore, the SC from visible light to 




in glass samples. 




 are shown in Figure 4. Under the solar pumped simulator, 
Cr
3+







T2, and electrons located at 
4





electrons depopulate to the ground state and transfer the energy to Yb
3+
, resulting in NIR 
luminescence emission. 






GC sample was prepared by 
heat treatment at T~540 for 10h. The XRD patterns of glass and GC are shown in Fig. 5 (a). The 
broad band without sharp peak in the XRD pattern of PG is ascribed to the amorphous phase of 
the glass. The obvious sharp diffraction peaks in the XRD pattern of the GC match well with the 
JCPDS (Joint Committee on Powder Diffraction Standards) Card of cubic perovskite KZnF3 (No: 
06-0439) crystal phase and no other crystal peak is observed. The main crystal peaks at 2θ = 
21.901°, 31.167°, 38.418°, 44.657°, 50.271°, 64.998° correspond to the (100), (110), (111), 
(200), (210), (220) crystal planes, respectively. These results indicate that KZnF3 crystals have 
precipitated in the GC sample after heat treatment.  
Fig. 5(b) shows the pictures and absorption spectra of the PG and GC samples. The PG shows a 
deep yellow color while the GC shows a faint yellow color. The transmittance of PG and GC are 
both close to 90% in near-infrared when the sample thicknesses are set to 2 mm. The GC exhibits 
high transmittance due to the small size of the precipitated KZnF3 crystals. The absorption bands 
near λ~976 nm and around λ~625 are attributed to the Yb
3+




F7/2.and to the 
Cr
3+









T2 transition is hidden by the absorption edge of the samples.  




 codoped GC sample. As 
shown in Fig. 5 (c), the nanocrystals are distributed homogeneously in the glass matrix. The size 
of crystals is approximately in the range 5 to 20 nm, which is consistent with the result calculated 
by the Scherrer formula. The inset shows the corresponding selected area electron diffraction 
(SAED). A series of lattice fringes were observed in Fig. 5 (d). The space of the crystal facets was 
measured to be 0.288 nm, which matches well with the (110) crystal facet of the KZnF3 crystal. 
These results indicate that KZnF3 nanocrystals have been precipitated homogeneously and with 
small sizes in the GC sample. 
Figure 6 (a) shows the PL spectra of 0.1Cr2O3 doped PG and GC samples. Excited by λ~450 nm 





A2 transitions of Cr
3+
. It is worth noticing that the emission intensity of the GC sample is 6 
times higher than that of PG. Since the PG sample exhibits high non-radiative decay probability, 
the emission intensity of Cr
3+
 is very weak. The enhancement of emission intensity in the GC 
sample suggests that Cr
3+
 ions are located within the crystal lattices with low non-radiative 
probability. Cr
3+







: 0.074 nm). Cr
3+
 ions are inserted in a substitutional position in 
the crystal and preferentially replace the Zn
2+ 
ions when doped into the GC. The center of the GC 
emission spectrum exhibits a blue shift to λ~780 nm because of the high-energy sites of the KZnF3 
crystals. These results prove that KZnF3 crystals can provide a low phonon energy environment 
for the Cr
3+
 ions and the emission intensity of Cr
3+
 is enhanced when the Cr
3+
 ions enter KZnF3 
crystal lattices. 





T2 level depopulates rapidly due to the high non-radiative transition probability. The 
lifetime of the Cr
3+
 emission in the PG sample is estimated to be as short as 0.1 ms, while the 
lifetime the in GC sample is about 5.8 ms. The results indicate that Cr
3+ 
ions have entered the 





 codoped PG and GC are also shown in Fig. 6 (c). The emission of Yb
3+
 gets a 
strong enhancement in the GC after heat treatment. The intensity of the GC PL spectrum at λ~974 
nm is about 10 times higher than that in the PG. In addition, the lifetime of Yb
3+
 emission 
increases from 3.5 to 5.0 ms during the heat treatment process as presented in Fig. 6 (d). Based on 
the above two points, it can be assumed that Yb
3+
 ions have entered the low phonon energy 
environments in the GC sample. In KZnF3 crystal structure, K
+
 ions are located at the 
tetrakaidekahedron cavity surrounded by ZnF6 octahedra
23
. The radius of Yb
3+
 (0.086nm) is 




 ions prefer to occupy the high coordination sites. In the 
GC sample, Yb
3+
 ions will replace K
+
 in the crystals as mentioned in previous references. 
Therefore, Yb
3+
 as well as Cr
3+
 can enter the KZnF3 crystal lattice in the GC sample. The absorbed 
energy of the Cr
3+
 ions can easily transfer to the Yb
3+
 ions. Fig. 6 (f) shows the decay curves of the 
Cr
3+






codoped GC samples. The estimated ηET from 
Cr
3+
 ions to Yb
3+









codoped PG sample. Owing to the higher energy transfer efficiency and lower 
non-radiative probability, the GC sample is more suitable for SC from visible sunlight to 




codoped PG and GC samples excited using a visible solar simulator (400-800 nm): the emission 
intensity of the GC sample is about 15 times higher than that of the PG sample. Therefore, this GC 
is an efficient gain material for SPFL. 
The distributions of the dopants and other elements of the host are analyzed by STEM-EDS as 
shown in Figure 7, and this element mapping is a direct proof that the dopants entered into the 
nanocrystals when the sample had a concentration of 1 mol% Yb
3+
 and 0.1 mol% Cr
3+
. If the 
content of Cr
3+
 is higher than 0.1mol%, some of Cr
3+
 could not be dissolved in the glass host. As 
shown in Figure 7, the nanocrystals are rich in F
-
 (Figure 7d), Zn
2+
 (Figure 7g) and K
+
 (Figure 7e). 
Most importantly both Cr
3+
 (figure 7b) and Yb
3+
 (figure 7c) are localized in the nanocrystals 
region, proving that the dopants can enter the nanocrystals. Due to the low content of Cr
3+
, the 
elements distribution in Figure 7b is not obvious as Figure 7c. 
To characterize the stability of this material and its resistance to environmental effects, such as 




 codoped PG samples under 
different environments were recorded and are shown in Fig. 8. Compared to the transmission 
spectrum recorded at room-temperature, the transmission spectrum of the PG sample at ~50
o
C and 
~90% humidity has almost no change, especially in the characteristic absorption band (3000nm) 
of H2O. This result indicates that this glass material has good stability and resistance to 






 codoped oxyfluoride bulk transparent PG and GC containing KZnF3 nanocrystals were 
fabricated. The HRTEM image and transmission spectra show that the nanocrystals in the GC 
sample are uniform with a high transmittance for visible and near-infrared light. When the glass 






F5/2 transition was observed. The luminescence emission intensity of the glass ceramic is 




 was confirmed by the emission spectra 
and emission decay curves. Due its broadband absorption, which almost covers the strongest 
band of the solar spectra, Cr
3+
 is a strong candidate for absorbing sunlight. Yb
3+
 has only two 




 codoped glass and glass ceramic 
are good candidates for a high-efficiency material for solar spectra conversion and solar pumped 
fiber lasers.  
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 doped glasses in the visible region when 




 doped glasses in near-infrared 
region under excitation at λ~450 nmt. 
 




 (x=0.05, 0.07, 0.1) doped glass samples excited at 
λ~450 nm. 
 




 doped glass for monitored λ~974 and 





 doped glasses excited at λ~450 nm. (x=0, 0.3, 0.5 and 0.7) 
 




 and involved ET process under solar 
pumping. 
 
Fig.5 (a) XRD patterns of JCPDS Card No: 06-0439 (KZnF3), for pristine glass (PG) 
and glass ceramic (GC) samples; (b) Transmission spectra of PG and GC samples; (c) 
TEM image of GC sample; the inset shows the SAED pattern corresponding to (c); 
(d) HRTEM image of GC sample. 
 
Fig.6 (a) PL spectra of 0.1Cr2O3 doped PG and GC excited at λ~450 nm; (b) Decay 
curves of the λ~800 nm emission of 0.1Cr2O3 doped PG and GC samples excited at 




 codoped PG and GC excited at λ~450 
nm; (d) Decay curves of the λ~976 nm emission of 0.1Cr2O3 doped PG and GC 




 codoped PG and GC excited 
by the light of the solar simulator at λ~400-800 nm; (f) Decay curves of the λ~800 nm 




 codoped GCs excited at λ~450 nm . 
 
Fig. 7. HAADF-STEM images for selected regions rich in KZnF3 nanocrystal (a), 














 (h) in 
the region (a).  
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